In this paper we discuss QPOs registered at microwaves using the Nobeyama Radioheliograph (NoRH). Our main conclusions concerning the QPO, found from NoRH observations, include: In addition to widely known 3-min oscillations and comparatively less investigated shorter fluctuations, we have registered over sunspots at microwave range also a diversity of more long-term periodic processes having typical periods of tens and hundreds of minutes. In some sunspots these periods are dominating. In a single active region, different plasma structures can simultaneously oscillate within a long-term range with different periods. Most of the different plasma structures of the solar atmosphere registered at the Nobeyama radio maps at a wavelength of 1.76 cm at all heliographic latitudes show the presence of the long-term QPO. In observations of the QPO at microwaves, we have dealt mostly with nonstationary processes. We have thus used wavelet analysis to estimate the quality of proper plasma resonators responsible for QPOs. In our interpretation, three types of plasma oscillators were proposed to be of importance: resonators that coincide with the emitting region; resonators that are outside, but close to the radio emitter; and resonators of the global solar nature. We conclude that NoRH has opened a new era in the study of different quasi-periodic oscillations and waves in the plasma structures of the solar atmosphere.
Introduction
Observations of periodic oscillations play an important role in modern physics of the Sun and stars. For example, a detailed study of five-minute oscillations resulted in the creation of a new branch of science -helioseismology, which is essential for a much deeper understanding of the interior structure of the Sun and other stars. Limited in space, plasma structures may usually be characterized by typical periods of resonance oscillations. Each period is connected with the size of the structure, its internal structure, and a particular MHD mode of the wave/oscillation.
The periods and amplitudes of oscillations are important parameters of an oscillating plasma structure. The quality of oscillations is also a significant parameter, important both for identification of their nature and for the physics of the oscillating source of emission. Currently, observations of the oscillations are available in different spectral regions: optical, radio, EUV, and X-rays. They can be carried out either in continuum or in spectral lines. Studies of the oscillations may refer to the brightness, velocities, or magnetic fields. The latter requires analysis of the polarization parameters of the emission. As far as the oscillating plasma structure is concerned, it may be either identical with the source of the emission, or be a neighbor to it. The case of global oscillation of the whole solar global structure is of special interest. Also, a special field of the investigation refers to fluctuations observed in the emission of solar flares.
In this paper we discuss our results concerning the oscillations registered at microwaves, those which refer to long-life structures, and not those observed during flares.
Observations of quasi-periodic pulsations of the microwave solar radio emission have been conducted for about 40 yr. The first observations were initiated by a group of Prof. Kobrin in Gorkiy (Kobrin, Korshunov 1972) , and were later extended and developed by teams of the Pulkovo Observatory and Siberian Institute of the Solar-Terrestrial Physics and Leningrad University Gelfreikh et al. , 2004a Nindos et al. 2002) . Studies using high spatial resolution were also made by Kundu and Alissandrakis (1975) and Kundu and Schmahl (1980) . Small-spacing interferometers and large dishes were used to select the region of oscillations with an accuracy of several arcmin.
A new era came to the problem after the Nobeyama Radioheliograph became available to proceed in studying QPO.
In this paper we present some new results of our investigations of quasi-periodic oscillations using NoRH, based on a wavelet approach (see Grossmann, Morlet 1984) mainly.
Methods of Analysis
In this study we used radio maps obtained with the Nobeyama Radioheliograph in I channel at a wavelength of λ = 1.76 cm. An analysis of the brightness and the position of bright features on the maps was made. To improve the sensitivity, we mostly used maps with averaging the image for 10 s, instead of 1 s of the maps presented at the site of Nobeyama. While observing QPO at microwaves, in most cases we deal with nonstationary processes. Thus, analyzing the variation of the spectrum with time and the quality parameter of the oscillations has become at the center of our interest. Wavelet analysis is a reasonable approach to solve the problem.
It is widely known (beginning from Grossmann, Morlet G. B. Gelfreikh, Yu. A. Nagovitsyn, and E. Yu. Nagovitsyna [Vol. 58, 1984 ) that the wavelet transform [with
where a = 2 −j and b = k · 2 −j (both k and j are integers). The asterisk denotes the complex conjugate, which is inherited from the widely accepted definition of the scalar product and the norm for functions from Hilbert space, L 2 (R):
Wavelets are local both in frequency (dilations a) and time (translations b), providing an orthogonal sparse basis (Daubechies 1992) .
In this work we applied the wavelet-approach to research the QPO generated above different physical structures of the solar atmosphere observed using the Nobeyama Radioheliograph. In all cases the Morlet-6 wavelet was used:
The wavelet power spectrum is defined as 
and amplitude,
estimations. The notion of wavelets and their use in various applications are briefly described. The wavelet approach allows us to study the dynamical spectrum of time series. In particular, the wavelet spectrum provides us with information on both the amplitude and frequency variations versus time (see figures 4 and 8), and in a discrete mesh allows us to make estimations of the confidence level (c.l.) of these variations using the traditional formulae of statistics. While on the subject of a confidence level α(%), we understand that a found period with a probability of α is not casually distinct from zero. In this way, moreover, we can receive a picture of the amplitude versus frequency variations to characterize the dynamical properties of the oscillating system (see figures 1, 2, 5, and 6).
Results of Analysis

3-Min Oscillations of Sunspots
The most representative way to use the method is to analyze sunspot-associated sources. In the case of Nobeyama, those are clearly seen as the brightest details on the maps of both intensity and polarization. Their nature is well understood, and they are generated in a very narrow layer of the solar atmosphere at the base of the corona at the second and third harmonics of the electron gyrofrequency. For the Nobeyama data they are mostly the layer of the magnetic field B = 2000 gauss and the emission of very high degree of polarization (emission of the thermal electron at the third harmonic of the gyrofrequency). Figure 1 , reprinted from Gelfreikh et al. (2004b) , illustrates a typical wavelet spectrum for a radio source above a large sunspot. Thereinafter in figures we use the term "intensity" to mean the original Nobeyama measurements on the relative scale. The most significant oscillations have a period of three minutes, which is very well-known for solar spots. Five-minute oscillations are obviously present, but are rather weak. Longer periods of 30 and 50 min have amplitudes comparable with the 3-min one. Periods of 90 and 160 min are also of special interest.
In figure 2 the non-stationary frequency-amplitude diagram of QPO of another large sunspot is shown. We can see by contrast with figure 1 that 3-min QPOs are dominating, and though more-long-periodical variations are significant, they have considerably smaller amplitudes.
The question concerning the stability of the time structures of 3-min QPO is still under discussion. The upper panel of figure 3 illustrates the result of a wavelet filter of a time series of intensity (1.5-5.0 min range) of the same source as shown in figure 2. We can see that patterns of 3-min QPOs have the form of an individual wave package.
Using the wavelet transform we can estimate not only the current frequency spectrum, but also the characteristics (e.g., the entropy; Sello 2000) of the current dispersion distribution of the quasi-periodical components as a function of the frequency. The wavelet-entropy, E ω (t), is a dynamical complexity parameter characterizing the disorder frequency content of a process, and calculated as the local entropy of the energy distribution over the frequency scale. Physically, a process with low E ω (t) corresponds to a narrow frequency spectrum, and a random process [high E ω (t)] corresponds to a broad one (Sello 2000) . The time variations of the wavelet entropy, E ω (t), are shown in the bottom panel of figure 3 . The typical time of fluctuations of E ω (t) is between 10 and 30 min on the average. Thus, according to our interpretation the life time of an individual process of 3-min oscillations belongs to the region of tens of minute duration.
QPO in Plasma Structures of Different Physical Nature
Using observations dated 1998 July 24, we have also tracked the intensity variations of the solar radio filament with coordinates (45N, 50E), which are shown in figures 4 and 5. We can see that the strongest amplitude and stable mode is 20 min. QPOs with periods of 6-8 min were also observed in the first half hour of the observations, then the 12-min mode appeared in a jump. Individual maxima of the spectrum close to 0.6-0.7 min cannot be recognized as QPO in this case, because their lifetimes were too short. Figure 6 shows the results of an analysis of the oscillations in other plasma structures of the solar atmosphere. These include flocculi, polar faculae, and a small sunspot. It is hard to find significant differences in the spectra of the objects. It is especially interesting, however, that besides the sunspots, 3-min oscillations are evident only in the radio sources of the polar faculae. This may have something to do with the fact that large magnetic fields of polar faculae, B = 1500G, on the photospheric level were registered by Okunev and Kneer (2004) . 
Long-Term QPO
In figures 1, 2, 5, and 6, we can see that in addition to the well-known 3-and 5-min oscillations in various plasma structures of solar atmosphere there are also long-term QPO with periods of tens of minutes. One of most prominent examples of this phenomenon involves observations of an active region on 2002 March 15 (figure 7). This active region was localized close to the center of the visible solar disk, and connected with a large bipolar sunspot group. In the upper panel of figure 8 we can see the oscillating time profile of the radio intensity of the leading (P) sunspot of the corresponding bipolar group. The bottom panels illustrate the dynamical spectra of the sources over both the leading and following sunspots.
A brief summary of the results obtained for typical periods of long-term QPO is given in table 1 (see also Gelfreikh et al. 2004b) .
Note that the long-term scale of QPO (tens of minutes) has already been found at the photospheric level (see e.g., Gopasyuk 1985; Berton, Rayrole 1985; Borzov et al. 1986; Nagovitsyna 1990; Nagovitsyna, Nagovitsyn 2002) . The long-term QPOs in filaments and photospheric and chromospheric active structures were observed by Bashkirtsev and Mashnich (1984) . The Nobeyama Radioheliograph has opened up fresh opportunities for detailed and extended studies of this phenomenon.
Wave Propagation across the Solar Atmosphere
In addition to measurements of the intensities of sources 1-4 on 2002 March 15, we also calculated their radio coordinates. A surprising feature of detail No. 4 (over-floccular) was found: its image was doubled during some time intervals. Detail No. 3 (over-floccular too) demonstrated similar peculiarities. A possible instrumental generation of this effect is excluded by the fact that simultaneously observed detail No. 1 shows regular coordinate variations (see figure 9 ). This phenomenon can be interpreted as indicating propagation of the wave indignation along the magnetic tube rejected from a vertical position. Figure 10 illustrates how a traced element, entering the layer of the solar atmosphere observable λ = 1.76cm propagates further along some fixed direction, increasing the intensity up to a maximum, and then decreasing it until the wave perturbation leaves the observable layer. With some delay δt, in a point close to a point of occurrence of the first element, there is a following element that behaves in a similar way, etc. Since two consecutive phase elements of wave are observed simultaneously, it is possible to estimate a lower bound for the velocity of propagation of the wave using the difference in the coordinates and δt. It proved to be around 25 km s −1 . It can be either a magnetosound or an acoustic wave. From the left panels in figure 10 it is visible that modes with periods of 30-40 min are also present during wave propagation along a tube. This result seems to have a similar nature with the EUV observations of waves propagating in the coronal loops (De Moortel et al. 2002) , though in our case the periods of wave excitation are significantly higher.
Discussion
Though an analysis of quasi-periodic oscillations of the radio emission of the Sun has a long 40-yr history, Nobeyama observations have led to a new era in this field. New ways to analyse the oscillations of the plasma structures of the solar atmosphere has been opened. It is reasonable to say at once that this method is still far from a complete realization. The main results of the present studies are as follows:
-Practically all plasma structures registered at λ = 1.76cm
at NoRH demonstrate the presence of oscillations with some periodicities. -Periods of oscillations cover a wide range from minutes (or shorter) to several hours. -The quality of oscillations is not uniform, and ranges from several units to much higher. -Some sources demonstrate a gradual shift of the oscillation frequency. -A correlation of the frequency with the amplitude for some of the oscillators was found, probably reflecting a nonlinearity of the process. -Even in a single AR, different points have shown somewhat different periods of oscillations. -The most sensitive analysis method refers to sunspotassociated thermal cyclotron sources. It has shown the presence of very weak oscillating magnetic fields with an amplitude of a few gauss in 2000-gauss emitting layer.
The observed radio oscillations are obviously the result of modulation of the physical parameters of the region where the emission is generated. The presence of periodicity infers the existence of a resonance plasma structure in the solar atmosphere for some modes of MHD waves. It is of great interest that in the same radio emitting detail, a number of widely different periods are registered. We may propose two kinds of explanation for this effect:
-The same resonance structure may suffer a number of different modes of oscillations simultaneously. -The MHD resonator may have different position with respect to the region of generation of the radio emission.
For the latter situation, one can imagine at least three different types of space structures.
(1) The resonator and the radio emission areas practically coincide. (2) The local resonator is situated near, but still outside, the radio emitter. (3) A large-scale resonator, possibly a global one, is responsible for QPO radio pulsations. (4) The narrow-band MHD wave generates the oscillations at some level of its propagation.
Moreover, different oscillation curves in the wavelet frequency-time diagram strongly show different lengths of stability. The most obvious nature of the oscillations in sunspot-associated sources belongs to the well-known solar physics 3-min oscillations. The theory of proper MHD resonance was theoretically studied by many authors. In this paper we have presented an original radio method for measuring the amplitudes of oscillations of the magnetic fields with unprecedented accuracy (a few gauss in the field of 2000 gauss) at the level of CCTR. This region is of special interest because it is on the upper surface of the resonator (type 2 in the above classifications of the geometry).
A similar situation of generating of 3-min and 5-min period MHD waves in coronal loops connected with sunspots and photospheric regions outside them was demonstrated in a paper (DeMoortel et al. 2002) . The resonators that were responsible for the observed periods were situated outside the regions where the waves were detected.
It is of interest to note that 3-min oscillations were also observed in the polar regions. Possibly the magnetic structure of the polar active region may have a similar vertical structure as the normal sunspots.
Five-minute oscillations, which are also of great value in modern physics of the Sun, were observed, not only above sunspots, but also in most plasma structures, and are usually very unstable. Nevertheless, they are considered to be a result of the solar global process. The reason is that the period of five minutes is caused by the more or less homogeneous solar structure along the surface of the solar sphere. However, we selected for the analysis just some local inhomogeneities. The 5-min oscillations are only outsiders with weak influence on the physical parameters.
The groups of oscillations in the range of periods from 10 to 100 min seem to be rather unstable, both in amplitude and frequency. Probably, most of them are due to coronal loop structures geometrically connected with the sunspot under investigation. Thus, this is another sample of the second type in our classification.
Some oscillations of longer periods -about 160-180 min -in sunspot-associated sources are hard to interpret due to their high frequency and amplitude stability. These peculiarities lead to the conclusion that they are probably connected with some type of global oscillations of the Sun. In contrast with the case of 5-min oscillations, because they should have a deeper global origin, the minor plasma structures near the surface of the Sun do not affect its parameters. It is of importance to note that a wide range of new possibilities in studying microwave oscillations of different structures of the solar atmosphere became available due to great progress in solar radio observations achieved with the NoRH. They include: -higher 2D spatial resolution with mapping of the whole solar disk with polarization analysis; -regular 7-8 hr per day observations since 1992 that exclude a necessity for planning the observational program; -a possibility to choose or develop a more adequate method to treat the observations. We illustrated above a wide variety of types of the QPOs observed at λ = 1.76 cm. There are serious grounds to expect that future more-detailed analyses of each type of these oscillations may result in progress in solving such fundamental problems of solar physics as nature of the structuring of the solar plasma, sources of energy responsible for heating the corona, and the accumulation of energy preceding solar flares. These certainly suppose a lot both theoretical and observational studies. However, the results presented in this paper show that such efforts are worth the expended time.
The qualitative approach to the interpretation summarized above certainly needs modeling development and a comparison with observations in other wavelength ranges, especially including observations of the coronal structures in X-rays and EUV. This situation demonstrates the beginning of a new stage of progress in solar physics. This work was supported by Program of the Presidium of RAS "Solar activity and physical processes in the solarterrestrial system", INTAS 00-0543, 01-0550, a grant of OFN-16 and grants of RFBR 02-02-16548, 03-02-17357, 03-02-17528, 04-02-17560, 05-02-16749. 
